In this work a comparative study of basic and acid magenta sorption on Algerian natural untreated clay was investigated using theoretical models for the following conditions C0(BM) = 200 mg/L, C0(AM) = 150 mg/L, V = 500 mL, CB(BM) = 1g/L, T = 22 °C. Adsorption mechanism of both dyes based on an intraparticle diffusion, external mass transfer, and kinetic models was examined. Statistical error functions regression coefficient (R 2 ), the root mean square error (RMSE) and the average relative error deviation ARED were used to estimate the deviation between experimental and theoretical values. This work indicated that the experimental results obtained for both dyes fitted well the chosen models in the following order: External model of Boyd < Kinetic model < Urano and Tachikawa model < External model of Weber and Morris ≤ Weber and Morris internal diffusion model. However, the calculated values of Biot number are 32.31 and 69.33 for acid magenta and basic magenta respectively, indicating that the adsorption of both dyes onto the same clay is initially controlled by external film diffusion at the first ten minutes. The adsorption capacity of the tested clay for both dyes is remarkable compared to other natural adsorbents. Where the best results were obtained for basic magenta (qexp = 198.028 mg g -1 , R 2 = 0.992, ARED = 0.128 and RMSE = 0.461).
■ INTRODUCTION
The preservation of the environment has become a major concern of all society, especially water resources. Thus, many researches were realized to develop new methods for the treatment of water loaded with organic pollutants such as dyes [1] . Dyes of type magenta are widely used in wool, nylon and textile dyeing. They can break down into carcinogenic aromatic amines under anaerobic conditions, so discharging these dyes into the water can cause serious problems such as allergic dermatitis, skin irritation and cancer [2] . These substances are excessively used to improve the dyeing process. However, their low biodegradability makes biological treatments difficult to apply. Many researchers have demonstrated the efficiency of adsorption on activated carbon to treat wastewater contaminated with dyes. This technique has been recognized as one of the best available methods [3] [4] . Activated carbon has low initial costs, producing nontoxic by-products and rather simple in terms of design and operating [3, [5] [6] [7] . The use of natural materials as adsorbents makes this method more attractive [3] [4] . Researchers have shown the feasibility of different natural materials, such as chitosan [8] , bentonite, zeolite, kaolin, and others [4, 7, 9] . In this work "an Algerian bentonite" has been chosen as a natural adsorbent. It is a type of clay that denotes a mineral powder consisting essentially of montmorillonite. This smectite is widely applied in many fields of industry including dyes [9] , metals, and others [4] . In recent years, a special interest is granted to the use of this clay on different effluents, Ivanovich et al. have used composite material based on bentonite and hydroxyapatite montmorillonite to remove methylene blue from aqueous solution [10] and Hongfeng et al. [11] have examined the humic acid adsorption onto montmorillonite and kaolinite. Numerous materials were tested to eliminate acid, and basic magenta from an aqueous solution such as thorn apple leaves studied by Ameeth Basha et al. [12] and Laccase-Modified Zeolite examined by Ekrem et al. [13] to remove acid magenta. Many researches have used montmorillonite as an adsorbent to remove organic dyes from water because it is very available, low-cost, and easy to recycle [4, [9] [10] . However, the adsorption of acid and basic magenta on montmorillonite is only present in a limited number of literatures [14] . Furthermore, relatively few works discuss the rate-limiting steps involved in the adsorption process of these dyes [2] [3] .
The aim of this work is focused on the application of local clay for adsorbing anionic and cationic magenta present in wastewater of many textile manufactories. The adsorption mechanism of acid (AM) and basic magenta (BM) on this natural clay were investigated in order to evaluate its efficiency in the removal of both dyes from water. The determination of the rate controlling step in the process is very important in the design of the adsorption process. Therefore, in the present work, mass transfer studies were done to evaluate the rate-limiting step in the adsorption of both dyes from aqueous solution onto montmorillonite. Different mass transfer models were tested: External model of Boyd, External model of Weber and Morris, Urano and Tachikawa model, Weber and Morris internal diffusion model and first and secondorder kinetic models. A comparison based on the regression coefficient (R2), the root mean square error (RMSE) and the average relative error deviation (ARED) was realized between these models to deduce among them the well adapted to describe the kinetics of such a system. Also, the calculation of the Biot number was used as a determining factor to find the limiting-rate step in the overall adsorption mechanism.
■ EXPERIMENTAL SECTION

Materials
Adsorbent
The adsorbent used in this work is a clay obtained from Maghnia (North West of Algeria). It is composed essentially of montmorillonite, which is a smectite 2:1.
Where an octahedral sheet of alumina is between two tetrahedral sheets of silica [15] [16] . The negative surface charges of the montmorillonite layers are due to isomorphic substitutions of Al(III) for Si(IV) and Mg(II)/Fe(II) for Al(III) in its phyllosilicate structure [17] . The characteristics of Maghnia montmorillonite used in this study are shown in Table 1 . The structural formula unit of this clay is: (Si8) IV (Al4-xMgx) VI O20 (OH)4; with: x = 0.5-0.9.
Adsorbates
Acid magenta (AM), and basic magenta (BM) were used. Both dyes were purchased from PANREAC QUIMICA and used without any purification. Properties of these colorants are summarized in Table 2 .
Procedure
Adsorption process
All experiments were carried out in batch. A mixture of adsorbent and adsorbate at a specific concentration were stirred with a magnetic stirrer (250 rpm). The mass ratio of adsorbent to the volume of solution remains constant throughout the operation. Kinetic studies were realized by sampling solutions at regular time intervals. Determination of equilibrium dye concentration was carried out by UV spectrophotometer (UV-mini 1240 SHIMADZU) at a wavelength of 544 nm for acid magenta and 562 nm for Basic magenta. The adsorption capacity was calculated using the residual concentration deduced at equilibrium for initial concentrations ranging from (10 to 400) mg/L. Cosmetic and textile industry, subtractive colors in printing and in argentic photography. The adsorbed quantity noted q is given by Eq. (1) and (2) . Where C0 (mg/L), C (mg/L), m (g) and V (mL) are respectively; the initial concentration, the concentration at time t, the mass of adsorbent and the volume of adsorbate. And the adsorbent concentration CB = m/V.
Statistical analysis
In order to quantitatively compare the suitability of the kinetic models in fitting the experimental data, the coefficient of regression (R 2 ) and two error functions were used. The root mean square error (RMSE) and the average relative error deviation (ARED) (%) calculated from Eq.
(3) and Eq. (4) respectively [20] . The main advantage of the ARED function is the minimization of the fractional error distribution across the entire studied concentration range. Where N is the number of experimental data points, qexp (mg/g) is the experimental adsorption quantity and qcal (mg/g) is the theoretically calculated adsorption quantity. The obtained results from the kinetic study of the adsorption of the basic and acid magenta on montmorillonite are illustrated in Fig. 1 . The lecture of this figure shows that both curves can be partitioned in three parts for each dye. The first Part is linear for both dyes, from t = 0 to t = 10 min, In the case of the basic magenta (BM), after the first contact with the montmorillonite, the quantity adsorbed of dye increases remarkably with time. The adsorbed quantity of this dye is approximately 194 mg of BM/g. However, in the case of The second part begins from 10 min until t = 100 min for BM and t = 120 min for AM. After a long time of contact, the quantity adsorbed on montmorillonite increases slowly for both dyes. This is due to the fact that the greater part of adsorption sites was occupied during the first stage. The third part is observed beyond t = 100 min and t = 120 min for the basic and the acid magenta respectively. The last part of the adsorption curve shows a constant stage for both dyes. This behavior demonstrated that we already reached the end of the adsorption process. At this stage, equilibrium is reached, and we can determine the time of equilibrium and the quantity adsorbed at equilibrium (qe). When reading these results it was found that the adsorption of the basic magenta is more powerful than the adsorption of the acid. Indeed, the maximum quantity adsorbed at equilibrium (qe) of the BM (198 mg/g) is higher than that of the AM (48 mg/g).
Adsorption Mechanism
In order to study the adsorption mechanism of the acid and basic magenta on montmorillonite, we have to distinguish between steps controlling the process: the external mass transfer step, the internal mass transfer step, and the adsorption step. Now it is well established, that the adsorption of dye on a porous solid occurs in four consecutive steps [21] : (1) Transport of the adsorbate from the bulk to the boundaries of the adsorbent; (2) Diffusion through the liquid film surrounding the adsorbent (film diffusion); (3) Transport of the adsorbate within the pores of the adsorbent (internal or intraparticle diffusion); (4) Adsorption of the adsorbate on the interior surface of the adsorbent.
Generally, the last step is very fast, and present a neglected resistance on the overall process rate. Thus, when calculating the coefficients of mass transfer, we will consider that the adsorption reaction rate is almost instantaneous. Also, in a well-agitated batch system, the external mass transfer resistance is neglected especially in large solution volume, the boundary layer surrounding the solid is much reduced, reducing the film diffusion resistance; hence, intraparticle diffusion is more likely to be the rate controlling step [23] .
External Mass Transfer Model (Film Diffusion)
In the external mass transfer model, the concentration of the solute at the surface (Cs) of the solid material depends on the diffusion through the boundary layer. Two mathematical models are studied. The first model was proposed by Weber and Morris [22] and Mc Kay and Poots [23] [24] . The formula of this model is the following:
In order to determine the external mass transfer coefficient (β), we have assumed that the external resistance is not negligible. Indeed, it may be justified by the fact that at the first instants (t = 0) the concentration at the solid surface is almost equal to C0. Where A is the specific surface area of the particle per unit mass of the solution, and S is the specific surface area of the particle per unit volume of the solution (Table 1) . For boundary conditions, the former relation expressing the external mass transfer becomes.
The second model adopted for the external mass transfer is Boyd's film-diffusion model. This model is usually used to describe the mechanism of the adsorption kinetics. When applied to external mass transfer, the linearized expression of this model is given by Eq. (9), where Bt is a mathematical function of the value (q/qe) [25] [26] . The obtained results for both dyes with the external model given by Weber and Morris are illustrated in Fig. 2(a) . The calculated Bt values were plotted against time as shown in Fig. 2(b) . e q Bt 0.4977 log 1 q
From Fig. 2(a) a linear part is found at the beginning of the C/C0 curves (< 5 min) for both dyes. Using the slope of this linear part allowed us to determine the values of external mass transfer coefficients β. Fig. 2(b) showed that the plots for the first ten minutes were linear but did not pass through the origin, indicating that, for both dyes, external mass transport mainly governs the rate-limiting adsorption process [27] . The calculated slope of the linear part of the curve (Bt = f(t)) was used to determine the effective diffusion coefficient Di (cm 2 /s), where, B is the slop calculated from the Fig. 2(b) and dp represents the diameter of the particle calculated by sieve analysis assuming uniform spherical particles [28] [29] . The calculated Di values are given in Table 3 .
The values of the external mass transfer coefficient and the effective diffusion coefficient Di obtained from each model for basic and acid magenta in the presence of montmorillonite are so different. However, both of [30] for boundary diffusion to be rate-limiting step, the value of the diffusion coefficient should be in the range 10 -6 -10 -8 cm 2 /s. As a result, the external mass transfer by diffusion in the film can be a controlling step of the adsorption mechanism. A High value of R 2 and lower RMSE and ARED were found for Weber and Morris model showing that this model fit well the experimental data ( Table 3) . The difference observed between the basic and acid magenta concerning β value could be inferred to the cationic and anionic nature of these dyes. Additionally, the acid character of the colorant can greatly enhance the porosity of the montmorillonite and increases the total pore volume [31] .
Intraparticle Mass Transfer Model
In order to make a more detailed study of the mass transfer during the adsorption process, we have endeavored to investigate the intraparticle diffusion using two models. In this work, the chosen models refer to the theories developed by Weber and Morris [22] and Urano and Tachikawa [28] . The internal diffusion will take place when the adsorbent texture contains pores, and substrate entity of smaller size can migrate inside pores. According to the model proposed by Weber and Morris for the intraparticle diffusion, the coefficient of diffusion Dw (cm 2 s -1 ) for basic and acid magenta are calculated using the following two equations [22] .
Urano and Tachikawa have proposed another model given by Eq. (13) where Du is the intraparticle diffusion coefficient (cm² s -1 ). These coefficients were determined, assuming that the external resistance is negligible and that the adsorption of the two dyes on montmorillonite is controlled only by the internal diffusion. The results are presented in Fig. 3 . Fig. 3(a) , shows that both dyes curves have the same shape and each of them can be subdivided into three parts. The first part is linear and exhibits an initial slope, representing a fast mass transfer by diffusion throughout the macrospores (> 50 nm). Where the dye entities can penetrate quickly and easily within the pores. However, the second part of the kinetic curve exhibits a lower slop. This step can be explained by the presence of a slower mass transfer through the mesopores (2-50 nm). The third part of the plot reflected a very slow diffusion step which is associated probably with adsorption on the micropores (< 2 nm) [29] . In addition, the plots in Fig. 3(a) do not pass through the origin; this is indicative of an external film mass transfer or boundary layer control. For most systems reported in the literature, film resistance in the initial stages of the sorption process was detected. However, the concentration gradient decreases quickly and so its influence is usually limited to the early stages of adsorption [23] [24] . The presence of these three stages of diffusion can be explained by the heterogeneous surface of the adsorbent deduced from the important value of the micropores surface (30.89 m 2 /g) compared to the specific surface (56.44 m 2 /g). Fig. 3(b) represents the kinetic curves using the model of Urano and Tachikawa for the basic and acid magenta. The obtained plots are similar to those of Weber and Morris model, presenting three parts of different slopes. A fast stage followed by two other slower steps. The determination of the slopes from the kinetic curves given in Fig. 3 , allowed us to determine the intraparticle diffusion coefficients Dw and Du. The obtained values for both dyes during the adsorption process are given in Table. 4.
The comparison between the values of the intraparticle diffusion coefficients Dw and Du shows that the obtained values for the basic and acid magenta are approximate of the same order, the range 10 -11 -10 -13 cm²/s [30] . This indicates that the adsorption of both colorants is highly influenced by the intraparticle diffusion resistance. From Table 4 , low RMSE and low ARED values indicated that the Weber and Morris model is more representative than Urano and Tachikawa for the adsorption of basic and acid magenta on montmorillonite (R 2 is similar for both models). In addition, the values of the intraparticle diffusion coefficients (Dw, Du) are lower in magnitude than the external mass transfer coefficients β given in Table 3 . This difference can be explained by the presence of an important resistance in the pores may be due to the electrostatic interactions between charged molecules-molecule or charged molecules and adsorbent surface [31] .
Kinetic Models
The experimental results were plotted using two different kinetic models. The first-order model of Lagergren [32] , and the second-order model proposed by Ho and McKay [29] and Aksu [33] expressed by the following relations. Where k1 and k2 are the first and the second-order rate constants respectively.
( ) 
The corresponding curves obtained for basic and acid magenta are presented in Fig. 4 and 5 respectively. The shape of the obtained curves for both dyes shows that the adsorption process fits well the pseudo secondorder model. This result is in accordance with that obtained by Zarei [34] , and Simonin [35] . The values of the rate constants and the correlation coefficients for both dyes are summarized in Table 5 . Table 5 shows that for the first-order kinetic model the quantity adsorbed at equilibrium determined experimentally is so different from that calculated. Thus, the adsorption kinetic of the BM and AM doesn't follow this model. However, the adsorbed quantity at equilibrium determined experimentally is closer to that calculated using the second-order kinetic model. Hence, this former model applies well to describe the studied system. The obtained values of the coefficient R 2 and error functions (ARED, RMSE) are significant for the second order model.
Comparison between Different Kinetic Models
In order to find the potential resistance controlling the overall adsorption mechanism, we have compared the experimental dye concentration in the solid material CS with those calculated by the kinetic and diffusional models. The following Fig. 6 and 7 represent the plot of experimental and theoretical CS versus time.
According to Fig. 6 and 7 , the studied kinetic models are approaching the experimental results for both colorants in the following order: External model of Boyds [13] for acid magenta and 69.33 for the basic. The obtained values are less than 100. This indicates that the adsorption of both dyes onto the chosen clay is initially controlled by film diffusion at the first ten minutes. 
Efficiency of the Algerian Clay in the Removal of Basic and Acid Magenta
In order to evaluate the efficiency of the Algerian clay used as a natural adsorbent in this study, a comparison based on the maximum adsorption capacity of AM and BM with different adsorbents reported in the literature was made. The results are listed in Table 6 . Compared with different adsorbents the Algerian clay used in this study could be considered as a promising natural material to remove basic and acid magenta from aqueous systems. The tested clay adsorption capacity of basic and acid magenta is greater than that of all other adsorbents.
■ CONCLUSION
The investigation of the basic and acid magenta adsorption on montmorillonite showed that the experimental results obtained for both dyes fitted well the studied models in the following order: External model of Boyd < Kinetic model < External model of Weber and Morris < Urano and Tachikawa model < Weber and Morris internal diffusion model for acid magenta. However, for basic magenta the order is the following: External model of Boyds < Kinetic model < Urano and Tachikawa model < External model of Weber and Morris < Weber and Morris internal diffusion model. In addition, this study indicated that the montmorillonite used in this study could be considered as a promising adsorbent to remove basic and acid magenta from effluent water. The adsorption capacity obtained for montmorillonite is very significant, especially for basic dyes. The adsorption kinetics appears to be pseudo-second order, and the main resistance limiting the sorption rate is the intraparticle diffusion step as indicated by the values of the Biot number.
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